The reduction of the diactivated olefins dimethyl fumarate (DMeF), diethyl fumarate (DEF), di-n-butyl fumarate (DBF), dimethyl maleate (DMM), diethyl maleate (DEM), and di-n-butyl maleate (DBM), in N,N-dimethylformamidetetra-n-butylammonium iodide solutions saturated with disso]ved carbon dioxide at a platinum electrode has been studied by rotating ring-disk electrode and cyclic voltammetry and in situ electron spin resonance spectroscopy.
The results indicate that the rate-determining step for each compound is the reaction of the radical anion with CO2; the radical anions are also involved in the dimerization and (for maleates) isomerization reactions which occur in the absence of CO2. The coupling of the carboxylated radical to dimeric carboxylate is rapid. The rate constants for the reaction of the radical anions with CO2 were faster for maleates than for fumarates; pseudo-first order rate constants for a saturated CO2 solution (ca. 0.2M) are DMeF, 1. 
2F T > D 2-[2]
Recent studies (12, 13) show that the c/s-forms (maleares or M) follow a similar reaction scheme
M + e-* M T [3]
2M T > D 2- [4] but that the coupling rate for the radical anions derived from the maleates is about 2000 times that of the fumarate anions. Moreover, isomerization of M T also occurs
--E1
M" ---> F T [5] Cross-coupling between M T and F-is also possible, but this rate is apparently slow compared to the reaction of two M"s (12) . Carbon dioxide has been shown to react with organic anionic intermediates generated electrochemically in aprotic media (14) (15) (16) (17) . Recently, Tyssee and Baizer (18, 19) studied the reduction of diactivated olefins in the presence of CO2. For dimethyl maleate (DMM), production of the carboxylated dimer (1), 1,2,3,4-tetramethyl-l,l,2,3,4,4-butanehexacarboxylate, was demonstrated. These authors suggested c7/c~ CH~O~C /CO~CH~ \cH-cmcm -me / \H 2 or MCO2 "-two possible reaction paths leading to 1: dimerization of M U, [4] , followed by reaction with CO2 D ~-+ 2CO2--> -02CDCO2- [6] or reaction of M-with CO2 to form the carboxylated radical anion (2) followed by dimerization kM M r + C02 > MCO~ T [7] 2MCO2 --> -O2CDCO2- [8] An alternate path would involve coupling of MCO2 T with M followed by reduction and carboxylation, but the independence of yield of 1 with initial concentration of maleate makes this route less likely (19) . An additional reaction path involves the ECEC sequence, [3] , [7] , followed by further reduction of 2 MCO2 '-+ e ~ MCO22- [9] MCO22-+ CO~-* -O2CMCO2-
where 3 is 1,2-dimethyl 1,1,2,2-ethanetetracarboxylate (18) . The reduction in [9] occurs at somewhat more negative potentials than that in [3] , so that this path is not significant at potentials of the first reduction wave. In the work described here, the rate constants for the reaction of the radical anions with CO2 were determined and the reaction paths of the carboxylated intermediates investigated. The reaction scheme for the maleates is quite complicated, since the rather rapid coupling and isomerization reactions [ (for DMM, k21a
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March 1977 --1.9 X 105 M -i sec-i and ki :-2.2 see -1 (12) ] occur in addition to the carboxylation reactions. The fumarates have a slower couplng reaction, and diethyl fumarate (DEF) and di-n-butyl fumarate (DBF) show no appreciable coupling on the RRDE time scale [for DEF and DBF, ~2F ----44 M -i see -1 and 25 M -i see -1, respectively (5)]. Thus in the absence of CO2 both DEF and DBF show the theoretical collection efficiency, N, for generation of radical anions at the disk and collection at the ring electrode. Here, changes in the collection efficiency upon addition of CO2 for different concentrations of DEF and DBF can be used to study the reaction of F-and CO2. The study was also extended to the maleates, taking account of their inherent reactions using rate constants determined previously (12) , so that a comparison of the reactivity of the radical anions derived from the c/s-and trans-forms of the same species could be made.
Experimental
The reagents, purification schemes, apparatus, and techniques were the same as those previously described (12) . The CO2 was instrument grade 99.99% from Big Three Industries, Incorporated. The RRDE with platinum disk and ring electrodes, constructed by Pine Instrument Company (Grove City, Pennsylvania), had rl = 0.187 cm, r2 ----0.200 cm, and r3 ----0.332 cm with a collection efficiency of 0.555.
In carboxylation experiments, CO2 was bubbled through the solution for at least 30 rain before the trials, and CO2 was passed over the solution surface during the experiments. The cell was as used previously (12) with a Pt wire spiral auxiliary electrode in a separate compartment and a silver wire pseudoreference electrode (Ag RE) also in a separate chamber connected to the RRDE chamber by sintered-glass disks. The electron spin resonance (ESR) measurements, carried out with a Varian Associates (Palo Alto, California) Model E-9 spectrometer at 100 kHz field modulation, followed the usual arrangement for intra muros electrochemical methods (20) with a Varian electrolytic cell accessory. The electrolysis current was maintained at a low level so that the working electrode potential was at the foot of the first reduction wave. Nitrogen was continually being bubbled in the solution reservoir before and during the experiments when they were conducted in the absence of CO2. The flat cell was flushed with nitrogen before oxygen-free solution containing DMF, TBAI, and sample was introduced into it. The same solution in the reservoir was then continually bubbled with CO2 before and during the experiments involving reactions with COs. The fiat cell compartment was then flushed with an excess amount of CO2-saturated solution to rinse it before a new experiment was conducted.
The concentration of dissolved COs in the 0.1M TBAI-DMF solution was determined by adding 13 ml of 0.1M TBAI-DMF solution to a 25 ml volumetric flask followed by the placement of loosely packed glass fiber in the neck of the flask. COs was slowly bubbled through this solution for 20 min and an increase in weight of 115 mg was observed. This corresponds to 0.2M dissolved CO2 in the solution at room temperature (ca. 24~
(neglecting any loss of DMF); the literature value for pure DMF at 20~ is 0.228M (21) . niflcant on this time scale (at these potentials). No additional oxidation peaks were observed suggesting that the FCO2-" formed is rapidly consumed in a following reaction.
Results and Discussion

Dimethyl ~umarate (DMeF), Diethyl ~umarate (DEF), and Di-n-butyl fumarate (DBF).--Cyclic
Rotating disk electrode (RDE) voltammograms (id vs. Ed) taken in the absence of CO2 for millimolar solutions of DMeF and DEF exhibit a reduction wave at E1/~ -~ --0.75V vs. Ag-RE followed by a dip (at ca. --1.60V) in id after development of a well-defined plateau (22, 23) . This dip develops into a second reduction wave on addition of water or acid. In the presence of CO2, the reduction potential of the first wave of these compounds shifted slightly (10-20 mV) to less negative potentials and the dip disappeared. This disappearance can be attributed to the reaction of F ~-with CO2 thus decreasing the extent of the F~-/F reaction which produces the dip (22) . This effect was not investigated further and the discussion here is limited to processes occurring at the first reduction wave. Typical RDE data for the fumarates and values of the Levich constant ia.l/~'/2C (where ida is the limiting disk current, w is the angular velocity, and C the concentration) are given in Table I . For DBF this constant is essentially independent of ~ and C. For DEF and DMeF a slight decrease in the Levich constant with increasing C is observed, perhaps caused by a small contribution of polymerization reaction consuming parent material. To obtain information about the rate of the F-'/CO2 reaction and the mechanism of the reaction, RRDE experiments were undertaken, and the variation of the kinetic collection efficiency, Nk, expressed as the ratio of the ring current, Jr, to the disk currents id
as a function of the disk current parameter CONI (4), where
CONI : ]id/id,i [ [12] at different values of ~ and C was determined. These Nk values were compared to working curves obtained by digital simulation (24) assuming the following reaction kF F-+ CO2 --+ FCO2-
[13] was rate determining. This reaction can be considered as a pseudo-first-order one, since the concentration of C02 in a saturated solution is 50-100 times that of the F-. As in previous studies (4, 24) , the dimensionless kinetic parameters XKT (first-order reactions) and XKTC (second-order reactions), defined as XKT : (0.51)-z/Svl/SD-1/3~o-lkl [14] XKTC : (0.51)-2/~vl/3D-1/8~,-1Ck2 [15] were employed. Typical RRDE results for IYMeF, DEF, and DBF are shown in Table II . In the absence of CO2, ATk = N, the theoretical collection efficiency (0.555), for both DEF and DBF. In the presence of CO2, Nk is appreciably smaller than N for both compounds, showing a significant extent of reaction between the radical anion and dissolved CO2 on the RRDE time scale. The independence of Nk with concentration and CONI for these two compounds agrees very well with an uncomplicated pseudo-first-order mechanism. Typical results for DMeF are shown in Fig. 2 . The slight dependence of hTk on CON[, can be attributed to the simultaneous occurrence of the F'-dimerization reaction (12) . However, the ATk values are considerably smaller than those under identical conditions but without dissolved COs.
The experimental points in Fig. 2 were fit by using the known dimerization parameter, XKTC, and adding the pseudo-first-order reaction parameter XKT for kF.
Values of k2f were obtained previously (12); for DMeF k2F ~-110 M -1 sec -1. XKTC values were calculated for the various concentrations and rotation rates used in this work. For example, line a in Fig. 2 was generated by digital simulation using XKTC _--_ 0.0127 and XKT = 0.16 for C ----0.83 mM. These lines fit the experimental points quite well. Values of XKTC for DEF and DBF were negligible compared to XKT. Values of XKT and kF for these three compounds obtained by this method at different C and ~ values are given in Table III . The average values of kF are DMeF, 1.5, DEF, 0.47, and DBF, 0.35 (sec-1). The fit of the data to this pseudo-first-order mechanism is persuasive evidence for the reaction sequence [13] and [16] with rapid coupling of the FCO2" 2FCO2 9 ~ -O2CDCO~-
[16]
In an attempt to detect FCO2-, several ESR experiments were undertaken. A 10 mM DEF solution was reduced with a constant current of 20 ~A in a flat cell inside the cavity of the ESR spectrometer. The steady-state spectrum which resulted after about 1 min of electrolysis was essentially the same as those previously reported (20, 25) . The spectrum obtained in a saturated CO2 solution was the same as that from a CO2-free system. The ESR spectrum of FCO2-would be different than that of F-, since the added CO2 would change the symmetry and the proton hyperfine coupling constants. Hence the FCO2-: species must be too short-lived to detect by this method. The reaction of F-and CO2 can be seen, however, from the time dependence of the spectra (Fig. 3) . After steadystate signals were generated, the constant current responsible for generating the radical anion was turned off and the spectrum was recorded immediately at a high scan rate (40 G/min). At this scan rate, good resolution was sacrificed but any differences in signal intensities with time were recorded. In the presence of CO2 (Fig. 3b ) the ESR signals decayed almost to zero 30 sec after the current was turned off. On the other hand, ESR signals still remained reasonably strong in the absence of CO2 (Fig. 3a) when the generating current was turned off after the same period of time.
Dimethyl maleate (DMM), diethyl maleate (DEM), and all-n-butyl maleate (DBM).--The analysis of the
behavior of the maleates parallels that of the fumarates, but is more complicated because of the rapid isomerization and coupling reactions of M -. In the presence of CO2 the voltammetric reduction waves at the RRDE (at --1.0V vs. Ag-RE) are shifted slightly (10-20 mV) toward less negative potentials with essentially no change in the Levich constant (Table I) 
Conclusions
The carboxylation reactions of the cis-and ~rans-radical anions in general follow previously reported behavior (12, 13) . The reaction rate constants decrease slightly as the alkyl group becomes more bulky, because of steric hindrance. The maleate radical anions are much more reactive toward CO2 than the corresponding trans-species, as has previously been seen for radical ion coupling and for reaction with acrylonitrile. This has been attributed to greater electron density at the central ethylenic carbon atoms because of charge repulsion of the neighboring carbonyl groups.
